ABSTRACT: For North Sea chalk fields, finite element models are used to evaluate the reservoir compaction and the associated seafloor subsidence. The present paper addresses aspects of the calibration of the stress strain laws to be used for the chalk and the overburden. Results of laboratory tests do not reflect the large scale deformation behaviour. The calibration is therefore mainly based on the back analysis of measured formation movements. Another topic is the coupling with reservoir simulation models, which provide the reservoir pressure. This coupling should be improved, if a local compaction cannot be derived from a simultaneous change in reservoir pressure at that location. RESUME: La methode des elements finis est utilisee pour evaluer la compaction et la subsidence du fond de la mer dans Ie cas de champs petroliers de mer du Nord. Aspects de la calibration de modeles de comportement utilises dans l'etude numerique de reservoir en craie et des couches de toit sont detaillees.
INTRODUCTION
The reservoir rock of North Sea chalk fields like the Ekofisk field locally shows porosities of more than 45%. The decrease of pore pressure in the course of production of oil or gas results in an increase of effective stress, causing pronounced pore collapse. The compaction of the reservoir can reach several meters, and induce the failure of casings and a considerable seafloor subsidence. Finite element models are used to evaluate these displacements in numerical simulations. Such models are developed parallel to reservoir simulation models, from which the reservoir geometry. initial porosities and initial pressures as well as the time history of reservoir pressure are taken. Since 1988, the ISAMGEO model has been used in various studies for the Ekofisk, the Valhall, the Eldfisk and the Tyra fields. The large scale displacement field was evaluated for assessing the risk of casing failures in the overburden and for a forecast of compaction and subsidence. Most of the studies deal with the Ekofisk field, which is the largest of these fields and is on. production since 1971. A great number of papers deal with compaction and subsidence at Ekofisk. This paper focuses on aspects of the calibration process by matching observed formation movements and on aspects of the coupling with the reservoir simulation model which apply not only to Ekofisk. Typical ISAMGEO full field compaction models have about 30000 degrees of freedom. Additional subsidence models with refined overburden discretization have a similar size. The size of these models as well as the complexity of reservoir geometry and pressure history make it difficult to identify characteristic results. This paper therefore refers to the results of finite element calculations for which small idealized models are used. These small models may not be considered as a substitute for any quantitative compaction and subsidence analysis. But they allow an easy identification of characteristic results.
CALIBRA nON OF THE STRESS-STRAIN MODEL FOR CHALK
Extensive laboratory tests have been performed for reservoir chalk from Ekofisk and the other chalk fields [1, 2] . The results of these tests on small samples from core material cannot be used directly to establish a stress-strain model for the large scale displacement field analysis. For this analysis, a stress-strain model, which reflects the behaviour of a block of rock mass with dimensions of up to 500 m, is required. Within such a block, the porosity, which strongly affects the pore collapse behaviour, may considerably vary. Furthermore, fractures and other inhomogeneities influence the stress strain behaviour [3] . In principle, it is possible to analyse such effects in numerical models, which simulate e.g. the response of a block of chalk with porosity variations as encountered in the field. Fig. 1 
•.. FSMT-Iogs are used to calculate the changes in distance of radioactive bullets, implanted in the formation around a well bore. This yields an accurate and direct measurement of compaction. It is, however, a very localized measurement, and it may be affected by local intra-chalk stress arching resulting from porosity variations and near-by fractures and faults. Furthermore, the stress conditions close to the well may not be representative on a larger scale. The latter applies especially for wells, which serve as producers or injectors. It is recommended to interpret the results of FSMT -measurements by means of detailed numerical models in order to evaluate the stiffening effect of the casing, the influence of plastic zones in high porosity chalk resulting from the drilling process and stress changes associated with production and injection.
----
The high costs of FSMT -measurements do not allow an instrumentation of a greater number of wells. Thus it is very helpful to supplement these very local compaction measurements by a global estimate of the total compaction volume. After some modification in the report generator of the reservoir simulator, such an estimate can be derived from a material balance. Produced and injected volumes are well known. Volume changes of the pore fluid due to pressure changes and eventually also temperature changes can be reported during the reservoir simulation for each cell, for individual layers or for the whole reservoir. A balance of the individual volume changes allows an estimate of the compaction volume. Its accuracy is mainly governed by assumptions regarding the potential influx from the aquifer, at least as soon as the reservoir pressure has reached the bubble point.
The calibration of the large scale compaction model usually starts with the simulation of compaction at the location of the FSMTmeasurements. Two-dimensional idealisations of the full field model (either plane strain or axisymmetric) serve for the evaluation of the influence of discretization, boundary conditions and of the properties of the surrounding rock (overburden, underburden and "sideburden") on the large scale compaction. Such calculations can show, whether small modifications of the overburden behaviour have an impact on calculated reservoir compaction. If such a sensitive interaction were present, it would be necessary to calibrate the chalk behaviour and the overburden behaviour simultaneously. All our calculations indicate that this is not the case. Therefore it is possible to decouple the evaluation of compaction and subsidence and to use different models for a detailed evaluation of compaction (with a rather coarse overburden discretization) and for a refined analysis of subsidence. The current ISAMGEOmodels of the Ekofisk field are illustrated on fig. 2 . The refined subsidence model either includes only the uppermost layer of the reservoir or no reservoir at all. The time history of displacements as evaluated in the compaction model is applied as a boundary condition at the bottom of this refined subsidence model. How far the compaction is affected by overburden characteristics, can be illustrated by means of example calculations with small idealized models. Fig. 3 shows the geometry used for these models, in which overburden, sideburden and underburden are idealized by elastic, isotropic and homogeneous material behaviour. While sideburden and underburden are assumed to be rather stiff, the overburden Young's modulus is varied between 100 and 1000 MPa. Undrained behaviour is assumed. As an extreme case, a model without any overburden is also included. For the reservoir rock, first the simplest possible assumption is made: homogeneous elastic behaviour with a Young's modulus E= 1500 MPa and a Poisson's ratio v= 0.2 for the whole reservoir. As loading, a steady, predominantly homogeneous depletion by 14 MPa is simulated. At the lateral boundaries, the prescribed depletion is slightly reduced. The model is treated as "plane strain", idealizing an infinite extent of the reservoir normal to the considered planed, as well as axisymmetric. With these assumptions, the compaction bowl has a rather flat shape. For the two extreme assumptions (no overburden and rather stiff overburden, E= 1000 MPa), the calculated compaction volume differs by less than 3% in case of plane strain conditions and 5.5% in case of axisymmetric conditions. Also the differences in calculated maximum compaction at the centre of the field are small: about 2% in case of plane strain, when stress arching is possible only in one direction and 6% in case ofaxisymmetry , where arching takes place radially in all directions. In a second series of calculations, the reservoir rock is modelled by the ISAMGEO chalk model. This elasto-plastic model is able to simulate pore collapse, shear failure in the chalk matrix as well as shear failure in the direction of sets of fractures with preferred orientation. The onset of pore collapse as well as the volumetric behaviour in the pore collapse phase strongly depend on porosity. For the considered example, a large scale variation of porosity, with high porosities in the center of the field and a decline towards the flanks ( fig. 4) , is assumed. The resulting compaction bowl is much sharper than in the first example. After onset of pore collapse, the dependency of the calculated compaction volume on assumed overburden properties is more pronounced (fig. 5) , and the calculated maximum compaction differs in case of plane strain conditions by about 14% for the two extremes (no overburden and overburden modulus E= 1000 MPa), respectively. For more refined overburden models, as they are discussed below, the differences are smaller. It should, however, be kept in mind that for full field models, porosity variations within the reservoir are less regular than assumed in this example, which may result in more local stress arching. It can thus be concluded that the overburden must be considered in a full field compaction model, but not necessarily with the same refinement as it is necessary for a back analysis and forecast of subsidence. Similar calculations have been performed in order to show how the shape of the compaction bowl influences the shape of the seafloor subsidence bowl. For this purpose, the Young's modulus of the homogeneous elastic reservoir rock was decreased to 1000 MPa, which under plane strain conditions gives approximately the same total compaction volume as the model with elastoplastic chalk behaviour and varying porosity ( fig. 4) . In case of an assumed overburden modulus E = 400 MPa (elastic, isotropic undrained behaviour), some characteristic results are summarized in Table 1 . It confirms that the measured seatioor subsidence may be -used to calibrate the compaction behaviour. But the following section shows that overburden characteristics strongly affect seafloor movements. Therefore a calibrated overburden model is necessary, if seafloor movements are used for the calibration of the compaction behaviour. If the overburden behaviour is not known with a [4] may thus also serve for the qualification and calibration of the overburden model. This also applies for problems encountered during the drilling of wells, which should be interpreted as some kind of rock mechanical field test. Laboratory tests on samples from overburden cores provide direct information on the stress-strain behaviour of the overburden, but are unfortunately rather rare. Geophysical models derived from seismics as well as geological models. provide a subdivision into layers and a characterization of these layers. They mainly consist of shales and clays with embedded limestone stringers. Due to the extremely small permeability, the overburden rock can be idealized as undrained. Its compressibility is therefore strongly affected by the known compressibility of the pore fluid. Thus the calibration of the overburden model requires primarily the choice of suitable parameters describing the shear behaviour of the individual layers. The assumption of linear elastic behaviour for most of the layers should be admissible, at least in an early phase of the calibration process. Anisotropy may result from the texture of the shale, the clay minerals, and from the prevailing horizontal bedding with embedded limestone stringers.
Overburden displacements may concentrate at existing discrete shear planes (discontinuities and faults), which were formed in geological times. If their location is known, they can be included in the overburden model. Alternatively, their influence can be approximately modelled either in an elastic model by a reduction of the shear modulus or in an elasto-plastic homogeneous model by assuming the reduced strength along sets of discontinuities with preferred orientation at each point of the continuum. The idealized small example sketched on fig. 3 , using a varying chalk porosity ( fig. 4) , serves for the illustration of some basic results. A great advantage of this idealized example is the fact that terms as maximum compaction Cmax (in the center of the field) and maximum subsidence Smax are well defined and can be used for comparisons. This is in general not the case as shown by the following observations: -For the Ekofisk field, maximum compaction in the Ekofisk formation, which forms the upper reservoir, is encountered at a quite different location than for the Tor formation (lower reservoir). -For the Valhall field, several local compaction maxima are evaluated.
-The Tyra field is composed of two structures (Tyra East and Tyra West), with more or less individual compaction bowls, whereas the seafloor displacements are affected by both bowls. This should be kept in mind when using terms as the "ratio of subsidence and compaction". For the idealized example, however, this ratio is quite illustrative. With the assumption of a linear elastic and isotropic overburden stress-strain model with constant Young's modulus for all overburden layers, this ratio reaches 0.70 to 0.74, showing only a small increase with increasing Young's modulus ( fig. 6 ). increases to about 0.80, while only 0.70 is obtained without fractures. Even higher ratios can be obtained when the assumptions regarding the shear strength and the in-situ stresses are modified. A similar increase can also be obtained in an elastic calculation, when the shear modulus is decreased. Fig. 6 includes the ratio Smax/Cmax, if the shear modulus is set to a value of just one half of what follows according to the theory of isotropic elasticity from the assumed Young's modulus and the Poisson's ratio. If an anisotropy of the overburden is considered, even higher values are evaluated. As an example, fig. 6 also shows results of calculations with a transversely isotropic overburden model with five independent parameters. The ratio Smax/Cmax increases, when the Young's modulus El for loading in horizontal direction increases, while the Young's modulus for loading in vertical direction is kept constant (E 2 = 200 MPa). In these calculations also the shear modulus O 2 for shear movements in horizontal bedding planes is not varied (0 2 = 50 MPa). Fig. 6 refers to the assumption of plane strain. In case of axisymmetry, the ratio Smax/Cmax generally is somewhat smaller. In all these calculations the ratio of subsidence rates and compaction rates is not constant, but varies as a function of pressure depletion in the reservoir. Horizontal seafloor movements show a pronounced dependency on the stress strain model applied for the overburden. This is illustrated by the ratio of horizontal displacements at the seafloor about 2000 m from the center and of maximum subsidence in the center of the field (fig. 7) . The displayed results refer to the same calculations as discussed for fig. 6 . Unfortunately, horizontal seafloor displacements are strongly affected by the stress strain behaviour of the uppermost overburden layer. Some knowledge on this formation should, however, be available from the stability analysis of platform foundations, or can be gained from additional laboratory tests. The time dependency of the overburden stress strain behaviour may not be modelled explicitly, as it cannot be expected that the relevant parameters, which may differ for the individual layers, can be determined in the course of the calibration process. Instead, a certain time lag between compaction and seafloor subsidence should be considered in the matching process.
COUPLING OF RESERVOIR MODEL AND COMPACTION/SUBSIDENCE MODEL
This coupling mainly takes place in just one direction: the reservoir simulation model provides the reservoir geometry, the porosity and the reservoir pressure as input for the compaction model. But as soon as some confidence in the geomechanical compaction model has been established, its results can be used to refine the reservoir model. For the reservoir simulation, compaction is just one component in the governing material balance. It is modelled by means of pore volume compressibilities, which give the pore volume reduction for a certain reservoir pressure decrement and pressure level. The geomechanical model simulates compaction as a function of changes in effective stress. Both approaches are not necessarily consistent, especially as the geomechanical stress strain model is modified in the course of the calibration process. It is thus probable that the compaction is simulated differently in the two models. For a backanalysis of compaction, this is of minor influence, as long as the reservoir pressure history, which is taken from the reservoir simulator, is a good history match. If this does not apply, it may be very difficult to match measured compaction and subsidence in a backanalysis. Such difficulties can be regarded as a clue to review the assumptions for the reservoir simulation and the quality of the history match.
Before the reservoir model and the compaction model are used for predictions, it is recommended to compare the assumptions regarding the compaction behaviour in both models and to make them consistent, if necessary. This may require additional calibration efforts on both models, but will improve the reliability of the predictions, as it cannot be expected that assumptions in the reservoir simulation, which equalize the impact of a less realistic compaction behaviour in the history match, will also work for a forecast. The results of the compaction model also quantify the magnitude of stress arching, which approximately can be considered in the reservoir model by a modification of pore volume compressibilities.
The concept of pore volume compressibility fails however as soon as compaction is not a direct consequence of a simultaneous reservoir pressure decrease. This is illustrated by means of thermal strains, which result from the cooling of reservoir rock in the course of waterflood. These strains develop even when the reservoir pressure increases or is maintained by water injection. In vertical direction, the contraction associated with the cooling directly increases local compaction. Simultaneously, some stress arching develops. A part of the overburden load is transferred to the surrounding chalk and may induce additional compaction there. Thermal strains also work in horizontal direction. Due to the halfspace conditions, they cannot develop as horizontal displacements, but result in a reduction of horizontal stresses. This affects not only the waterflooded area, but also the surrounding chalk. For the elasto-plastic ISAMGEO-chalk model, a decrease of horizontal stress, while the effective vertical stress is constant or slightly increases, can result in additional compaction. This additional compaction cannot be related with simultaneous pressure changes at this location.
It is commonly assumed that the thermal expansion coefficient of chalk is in the range of about lO-s/oC, while the temperature decrease resulting from water flood for the hot reservoirs in the North Sea is about 100°C. Thermal strains resulting from waterflood should therefore induce only a small amount of additional compaction. But there are other potential sources of compaction, which cannot be related directly with a pressure decrease:
Shear failure causes a redistribution of stresses, creating local stress concentrations with pronounced compaction [3] . The time dependency of the compaction behaviour of chalk may be more pronounced than previously assumed. Creep may contribute to compaction as a result of pressure changes which took place some years ago, and not only a few months ago. -The injection of water may influence the compaction behaviour. It is not yet confirmed whether the latter effect is of relevancy under field conditions. Chalk in the pore collapse state is in a sensitive equilibrium. Therefore it cannot be excluded that even small actions, as changes of capillary forces, when the waterfront passes [5] , or small thermal strains from cooling, disturb this eqUilibrium and result in noticeable deformations. Most of the laboratory work performed up to now, indicates primarily an acceleration of creep, i.e. the total amount of compaction is not affected, only its development with time.
The current ISAMGEO-compaction model can match the observed compaction at Ekofisk, if some additional volumetric strains are applied in the gasflooded and waterflooded areas. A physical interpretation of these additional strains is still lacking. If the future compaction behaviour observed in the field should confirm such additional compaction, it is evident that the coupling of reservoir simulation and geomechanical compaction model should be improved. This can be achieved by importing volumetric strains from the compaction model into the reservoir model.
CONCLUSIONS
This paper could only address some aspects of calibrating a compaction and subsidence model and its coupling with a reservoir simulation model. It is, nevertheless, evident that these items are very complex. This must be considered when evaluating the quality of a calibration and the reliability of forecasts. Even if results of a great number of laboratory tests and field measurements are available, a perfect calibration is certainly not possible. This especially applies to the overburden. Here, quite different stress strain models may give a similar good history match of field measurements. The predictions obtained from these models for predictions may show larger differences. For reliable forecasts, is therefore important to include all available information to check the consistency of a model. One should be open for alternate approaches and try to quantify the limits of uncertainties by parametric studies. The calibration must be a continuous process, as the compaction behaviour and subsidence response may change during the lifetime of a field. Phenomena, which cannot be identified in the early depletion phase, may playa decisive role in a later phase of pressure maintenance by waterflood. The assumptions, on which models are based, must continuously be checked, and necessary refinements must be introduced. A compaction model, which has been calibrated on the basis of a certain reservoir model, may give different results after major modifications of this model or when coupled with another model. The calibration process equalizes any potential deficiency of the employed reservoir model, e.g. regarding porosity, pore pressure and onset of pore collapse. Another reservoir simulation model may require quite different adaptations. Although the calibration of the compaction model may be affected by the assumptions made for the corresponding reservoir model, it can nevertheless be used for predictions, as long as the forecast of reservoir pressure is taken from that reservoir model. Such a forecast is based on the premise that a model, which is able to match history, may also describe the future behaviour with a certain degree of reliability. This also applies to empirical models, which relate e.g. subsidence and reservoir voidage and do not require complex three-dimensional finite element models. Nevertheless, they cannot substitute numerical models, which offer the following capabilities: -They provide the displacement field in the whole continuum and may thus be used to reduce the risk of overburden casing failures by optimizing the path of new wells. -They can be used to refine the pore volume compressibility models in the reservoir simulation model and to quantify the amount of stress arching. -They allow to overcome the deficiency of the common reservoir simulation concept that a change in pore volume at a certain location can only be derived from a simultaneous change in reservoir pressure at that location. If pore volume changes, which cannot be derived from pressure changes, play some role, they can be extracted from the compaction model and imported into the reservoir simulation model. Numerical compaction models enable the analysis of extreme scenarios, which are not covered by the compaction and subsidence behaviour in the past, e.g. in case of a blow down of a field. The uncertainties with respect to the stress strain behaviour of the reservoir rock and the overburden under these conditions can at least partly be considered in parametric studies. For fields like Ekofisk, these advantages should justify the efforts to calibrate these geomechanical models and to improve the coupling with the reservoir simulation models.
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